Abstract. Interest in the use of metallic compounds for cancer treatment has been increasing since the discovery of cisplatin. Clinical studies suggest the use of proteasome inhibitors as potential novel anticancer agents. L-glutamine is the most abundant free amino acid in the body, and has been shown to play a regulatory role in several cellular processes, including metabolism, degradation, redox potential and cellular integrity. Although glutamine is reported to play a role in the regulation of apoptosis, the effect of glutamine copper complex on tumor cells and the involved molecular mechanism have not been investigated. Here, for the first time, we report that a newly synthesized L-glutamine-containing copper complex has proteasome-inhibitory activity in human breast cancer and leukemia cells. The inhibition of the tumor proteasomal activity results in the accumulation of ubiquitinated proteins and ubiquitinated form of IκB-α, a natural proteasome substrate, followed by induction of apoptosis. Furthermore, this glutamine Schiff base copper complex selectively inhibits the proteasomal activity and induces cell death in cultured breast cancer cells, but not normal, immortalized breast cells. Our data suggest that glutamine Schiff base copper complexes have a potential use for to be used in cancer treatment and prevention.
Introduction
Recent developments in chemotherapy are increasingly relying on apoptosis. Apoptosis is an evolutionarily conserved form of cell suicide. If a cell is unable to undergo apoptosis, due to mutation or biochemical inhibition, it could continue dividing and facilitating tumor growth (1) (2) (3) . Apoptosis has been shown to occur when cells are damaged beyond repair, infected with a virus, or undergoing stress conditions such as starvation, DNA damage or toxic chemicals (1, 2) . Morphologically, the process of apoptosis is characterized by cellular condensation, nuclear fragmentation, and engulfment or phagocytosis by neighboring cells (3) . It has been reported that proteasome inhibitors are potent apoptosis inducers when used in multiple cancer and transformed cell lines (4) (5) (6) , and have potential use as novel anticancer agents (7, 8) .
The induction of protein degradation is facilitated by two independent pathways: lysosome-mediated and ubiquitin/ proteasome-mediated pathways (8, 9) . The latter is known as to degrade many endogenous proteins. The proteasome is a massive multicatalytic protease responsible for degrading a large number of cellular proteins. In order to be degraded by the proteasome, these target proteins are first tagged with ubiquitin, which can then target the substrate protein to the 26S proteasome for destruction. The 20S proteasome, the core of 26S proteasome complex, contains at least three distinct catalytic activities including the chymotrypsin-like activity (10) . Several studies have shown that inhibition of the proteasomal chymotrypsin-like activity resulted in the accumulation of several target proteins (i.e., IκB-α) and induction of apoptosis in various types of tumor cells (7, 10) .
The interest in metal-based anticancer drugs has increased since the development of cisplatin as one of the anticancer drugs (11) . Since toxicity and other serious clinical problems were observed in the use of cisplatin (12) , the search for other metals and ligands that might produce more specific anticancer effects is ongoing. Our laboratory has reported that metallic compounds, such as gallium, organic Schiff base copper and gold complexes, can inhibit the tumor cellular proteasome and induce apoptosis (13) (14) (15) . Glutamine has been shown to regulate the expression of many genes related to metabolism, signal transduction, cell defense and repair, and to activate intracellular signaling pathways (16) (17) (18) . The function of glutamine goes beyond that of a simple metabolic fuel or protein precursor as previously assumed. Evidence has accumulated that glutamine influences apoptosis-related cellular mechanisms in cancer cells.
Vanillin is a plant-derived natural product and has been used as food flavoring agent (19) . O-vanillin, a positional isomer of vanillin, has been shown to be able to scavenge Cell cultures and whole cell extract preparation. MDA-MB-231 human breast cancer cells were obtained from American Type Culture Collection (Manassas, VA) and grown in DMEM/F-12 supplemented with10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Human Jurkat T cells were cultured in RPMI-1640 medium, supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. MCF 10A (normal, derived from benign human breast tissue) and MCF 10DCIS.com (human malignant breast cells) cells were cultured as previously described (20) . All cells were maintained at 37˚C and 5% CO 2 . A whole cell extract was prepared as described previously (21) . Briefly, cells were harvested, washed with PBS and homogenized in a lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5 mM dithiothreitol) for 30 min at 4˚C. Afterwards, the lysates were centrifuged at 12,000 g for 12 min at 4˚C and the supernatants collected as whole-cell extracts.
Inhibition of the proteasomal chymotrypsin-like activity in cell extracts. Whole cells extracts (5 μg) of treated MDA-MB-231, MCF 10A and MCF 10DCIS.com cells were incubated for 2 h at 37˚C in 100 μl of assay buffer (50 mM Tris-HCl, pH 7.5), respectively, with 10 μmol/l fluorogenic peptide substrate Suc-LLVY-AMC for the proteasomal chymotrypsin-like activity. After incubation, production of hydrolyzed AMC groups was measured with a Wallac Victor 3 Multiabel Counter with an excitation filter of 365 nm and emission filter of 460 nm. Changes in fluorescence were calculated against DMSO treated control.
Cellular and nuclear morphology analysis.
A Zeiss (Thornwood, NY, USA) Axiovert 25 microscope was used for all microscopic imaging with phase contrast for cellular morphology or fluorescence for nuclear morphology with Hoechst staining, as previously described (22).
Cell proliferation assay. MDA-MB-231 cells were seeded in triplicate in a 96-well plate and grown until 70-80% confluence, followed by treatment with indicated agents for 24 h. Then, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was perfomed as described (23) .
Trypan blue assay. The trypan blue dye exclusion assay was performed by mixing 20 μl of Jurket T cells suspension treated with different concentration of GVC with 20 μl of 0.4% trypan blue dye before injecting into a hemocytometer and counting. The number of cells that absorbed the dye and those that exclude the dye were counted, from which the percentage of nonviable cell number to total cell number was calculated.
Western blot analysis. The cell extracts were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Western blot analysis was done using specific antibodies against ubquitin, IκB-α, PARP and actin, following by visualization with the enhanced chemiluminescence reagent.
Results

GVC inhibits proliferation of human breast cancer MDA-MB-231 cells.
Our previous study that copper complexes are able to inhibit the chymotrypsin-like activity of the proteasome (23) suggests that several amino acids located in the proteasome ß5 subunit might function as natural copper-binding ligands. In the current study, we first investigated the effect of copper complexes of amino acid L-glutamine on tumor cell growth. We used L-glutamine to react with o-vanillin to produce copper-binding ligand, L-glutamine-o-vanillin (GV) ( Fig. 1) . We then synthesized the corresponding copper complex (Fig. 1) . The synthetic processes of GV and GVC will be published elsewhere.
We then investigated the antiproliferative potency of this amino acid-copper complex. MDA-MB-231 breast cancer cells were plated into a 96-well plate and treated with GVC, GV or CuCl 2 at various concentrations for 24 h, followed by MTT assay. Cells treated with DMSO were used as control. We found that GVC inhibited cellular proliferation in a concentration-dependent manner, causing ~75% inhibition of cell growth at 50 μM (Fig. 2) . In contrast, the ligand GV at 50 μM only induced ~40% inhibition and copper chloride alone had little effect (Fig. 2) . Therefore, we chose GVC for further studies.
GVC inhibits the proteasomal activity and induces apoptosis in MDA-MB-231 breast cancer cells in a concentrationdependent manner. We found that GVC was able to inhibit the chymotrypsin-like activity of a purified rabbit 20S proteasome with potency lower than CuCl 2 (data not shown). To test whether GVC is able to inhibit tumor cellular proteasome activity, MDA-MB-231 breast cancer cells were treated with various concentrations (10-50 μM) of GVC, GV and CuCl 2 (as controls) for 24 h. After each treatment, proteins were extracted and used for measurement of proteasome activity by decreasing levels of cellular proteasomal chymotrypsinlike activity, accumulation of ubiquitinated proteins and proteasome target protein IκB-α. We found that cellular proteasomal chymotrypsin activity in MDA-MB-231 cells treated with GVC was significantly inhibited in a concentration-dependent manner: GVC at 25 and 40 μM caused 65 and 80% inhibition, respectively (Fig. 3A) . Consistently, levels of ubiquitinated proteins were accumulated in MDA-MB-231 cells treated with GVC in a concentration-dependent manner (Fig. 3B) . In contrast, both ligand GV and CuCl 2 alone at the highest concentration (50 μM) tested had little to no effect (Fig. 3A and B) .
We have reported a ubiquitinated form of the well known proteasome target IκB-α protein with molecular weight of 56 kDa (24) (25) (26) . A similar ubiquitinated form of IκB-α protein was observed in the cells treated with 40 and 50 μM of GVC, but not GV and CuCl 2 (Fig. 3B) . These results support the conclusion that GVC inhibits the cellular proteasome activity in intact MDA-MB-231 breast cancer cells.
It has been shown that inhibition of tumor cellular proteasome activity is associated with apoptosis induction (4-7). To explore whether GVC has apoptosis-inducing activity, both morphologic changes and apoptosis-associated PARP cleavage were studied. Changes in cellular apoptotic morphology (fragmentation and condensation cells and characteristic apoptotic blebbing) were observed only in the cells treated with GVC at 40 and 50 μM, but not GV or CuCl 2 (Fig. 3C,  upper) . Consistent with apoptosis induction, we observed the production of apoptotic nuclei in the cells treated with GVC at 40 and 50 μM after Hoechst staining (Fig. 3C, lower) . Furthermore, treatment with GVC at 40 and 50 μM caused the generation of PARP cleavage fragment p85 (Fig. 3B) . These effects were not seen in the cells treated with either GV or CuCl 2 (Fig. 3C) . Therefore, GVC induces proteasome inhibition and apoptosis in breast cancer cells in a concentration-dependent manner.
Proteasome inhibition by GVC occurs prior to apoptosis in treated breast cancer cells. If inhibition of the proteasome by
GVC is responsible for MDA-MB-231 breast cancer cell apoptosis, we should observe inhibition of proteasomal activity prior to cell death. To test this idea, MDA-MB-231 breast cancer cells were treated with 40 μM of GVC for indicated time-points, followed by the measurement of proteasome inhibition and apoptosis. The proteasomal chymotrypsin-like activity was found to be inhibited by ~45% after the first 2 h of treatment (Fig. 4A) , which was associated with accumulated level of ubiquitinated proteins (Fig. 4B) . Proteasome inhibition and accumulation of ubiquitinated proteins were observed during the time course of treatment ( Fig. 4A and B) . Also the ubiquitinated form of IκB-α (56 kDa) was detected after GVC treatment (Fig. 4B) . Importantly, apoptosis-specific PARP cleavage was not observed until 16 h of treatment (Fig. 4B) . Consistently, cellular apoptotic morphologic changes (Fig. 4C) were also observed after 16 h. These results clearly show that the proteasome inhibition induced by GVC occurred before apoptosis induction, suggesting that proteasome inhibition by GVC triggers tumor cell apoptosis.
Effect of GVC in human leukemic Jurkat T cells.
To test whether GVC is also able to kill other human cancer cells, human leukemic Jurkat T cells were treated with various concentrations (10-50 μM) of GVC or 50 μM of GV and CuCl 2 alone (as controls) for 24 h, followed by trypan blue dye exclusion assay to examine cell death. Treatment with 50 μM of GVC induced >90% cell death, while either GV or CuCl 2 at the same concentration had no effect (Fig. 5A) . We then examined whether the GVC effect on leukemia cell death is time-dependent. In this experiment, accumulation of ubiquitinated proteins appeared as early as 2 h, while PARP cleavage was observed after 20-h treatment (Fig. 5B) . Morphologically, apoptotic changes were observed after 8 to 20-h treatment (Fig. 5C) . These results support the notion that the apoptosis induced by GVC occurred after the proteasome inhibition.
The non-toxic effect of the GVC in normal, immortalized breast cells. The ability to induce apoptosis in tumor, but not normal, cells is an important criterion for novel anticancer drugs (8, 9) . To determine whether GVC could inhibit the proteasome activity and induce apoptosis selectively in breast cancer over normal cells, we used a pair of normal and malignant breast cell lines, MCF 10A and MCF 10DCIS.com. MCF 10A cells are normal, immortalized breast cells, whereas MCF 10DCIS.com cells are malignant, which were derived from MCF 10A cells (20) . Both MCF 10A and MCF 10DCIS.com cell lines were treated with 40 μM of GVC, GV, CuCl 2 , or DMSO for 48 h, followed by measurement of proteasome inhibition and apoptosis. We found that GVC caused ~50% inhibition of the proteasomal chymotrypsinlike activity in breast malignant MCF 10DCIS.com cells (Fig. 6A) . In contrast, GVC did not inhibit the proteasomal activity in non-transformed MCF 10A cells (Fig. 6A) . Treatment with CuCl 2 induced some proteasome inhibition in both MCF 10DCIS.com and MCF 10A cells while other treatments had little or no effects on either cell line (Fig. 6A) .
To determine whether failure of GVC to inhibit the proteasome activity in MCF 10A cells is associated with lack of apoptosis induction in these normal, immortalized breast cells, apoptosis-associated cellular and nuclear morphologic changes were then measured in the aliquots of both cell lines in the same experiment. The MCF 10DCIS.com cells treated with the GVC, but not others, were detached (Fig. 6B) and also showed the apoptotic nuclear changes (Fig. 6C) . However, the normal, immortalized MCF 10A cells treated with the GVC or others showed no cell death-related detachment or apoptotic nuclear changes (Fig. 6B and C) . Out data strongly suggest that GVC could inhibit the proteasomal activity and induce apoptosis selectively in human malignant cells but not in normal, immortalized breast cells. been used for decades to treat human cancer. Since cisplatin and many other anticancer agents have no tumor-specific and selective effect and are toxic to normal cells, search for new, novel antineoplastic drugs has been going on. In recent years, the amino acid glutamine has received considerable attention as a potential therapeutic adjuvant since its use could improve postoperative clinical outcomes (17) .
Discussion
Glutamine is the most abundant free amino acid in the body, and the function of glutamine goes beyond that of a simple metabolic fuel or protein precursor as previously assumed. Glutamine is known to play a regulatory role in several cellular processes, such as cell integrity, apoptosis and cell proliferation (16) . It has been reported that the increase in susceptibility to infections is due to a decrease in plasma glutamine concentration, and that glutamine supplementation decreased upper respiratory tract infections in athletes (27) . Recently studies also showed that glutamine is an apoptotic modulator (28) .
To further investigate the molecular mechanism of Lglutamine action, we synthesized GV and its copper complex GVC (Fig. 1) , and tested their growth inhibition activity in human breast cancer MDA-MB-231 and leukemic Jurkat T cell. We found that GVC potently inhibited proliferation of human breast cancer MDA-MB-231 cells (Fig. 2) . In addition, GVC at 50 μM inhibited ~75% MDA-MB-231 cell proliferation, which was more potent than GV at the same concentration, while CuCl 2 exhibited little inhibitory effects on MDA-MB-231 breast cancer cells (Fig. 2) .
We have previously shown that Schiff base copper complex was capable of inhibition of the proteasome in a concentrationand time-dependent manner under in vitro conditions (14) . Therefore, we hypothesized that GVC might use the same mechanism against cancer cells. To provide direct evidence for proteasome inhibition by this GVC, we performed a cellfree proteasome activity assay using a purified rabbit 20S proteasome. We found that GVC was able to inhibit the chymotrypsin-like activity of a purified rabbit 20S proteasome with potency lower than CuCl 2 . In contrast, GV had no effect on a purified rabbit 20S proteasome (data no shown).
After we showed that GVC can inhibit the cellular proliferation and purified proteasome chymotrypsin-like activity, we then tested its effect in intact MDA-MB-231 cells and found inhibition of the cellular proteasome in a GVC concentration-dependent manner. Proteasomal inhibition by GVC at 40 and 50 μM was confirmed by decreased proteasomal activity (Fig. 3A) and increased levels of ubiquitinated proteins and ubiquitinated form of the proteasome target proteins IκB-α (Fig. 3B) . In contrast, both GV and CuCl 2 alone had little or no effect even at the highest concentration (50 μM). Taken together, these findings indicate that GVC can directly target the cellular proteasome in breast cancer MDA-MB-231 cells.
It has been previously reported that various proteasome inhibitors potently induce apoptosis (4-7). Therefore, we investigated if GVC can demonstrate similar effect. We found that inhibition of the proteasomal chymotrypsin-like activity by GVC, but not by GV or CuCl 2 , induced apoptosis in cultured MDA-MB-231 breast cancer cell line. Induction of apoptosis by GVC has been shown in both dose and kinetic assays. Apoptotic morphologic changes and apoptosis-specific PARP cleavage were observed in MDA-MB-231 cells treated with GVC (Figs. 3 and 4) . We also found that GVC had similar effects on human leukemia cells (Fig. 5B and C) .
After determining that GVC could inhibit proteasome activity and induce apoptosis in MDA-MB-231 and Jurkat T cells, we then examined the possibility that GVC could specifically and selectively inhibit proteasome activity and induce apoptosis in breast cancer, but not normal, cells. Indeed, out results showed the GVC is a proteasome inhibitor and an apoptosis inducer selectively in human breast cancer MCF 10DCIS.com cells, but not in normal, immortalized human breast MCF 10A cells (Fig. 6) . The mechanism for failure of GVC to inhibit the proteasome activity in normal breast cells is currently under investigation.
Our data presented in this study strongly suggest that an important target for GVC is the tumor cellular proteasome, inhibition of the proteasomal activity by GVC triggers apoptotic cell death, and GVC could specifically and selectively inhibit proteasome activity and induce apoptosis in breast cancer, but not normal, cells.
In conclusion we have identified the proteasome as a primary target for GVC in human breast cancer and leukemia cells. This finding is particularly important with implications towards possible development of GVC as a novel anticancer drug.
